The effects of holding time and relative humidity on the survival of populations recovered from aerosols of Escherichia coli strain B was examined. P-Galactosidase was chosen as a convenient model of a bacterial protein in this organism. Populations recovered from aerosols of E. coli strain B were shown: (i) to have suffered no detectable damage to ,8-galactosidase; (ii) to have suffered a temporary and severe loss of ability to synthesize p-galactosidase. The significance of these results in identifying lethal mechanisms in bacterial aerosols is discussed. For these studies a method was developed for the determination of total bacterial numbers recovered from aerosols by labelling the organisms directly with [W]. Bacillus globigii was shown to be unsuitable as a tracer for the determination of total numbers in biological aerosols.
INTRODUCTION
The propagation of many plant and animal diseases depends on the transfer of the causative organisms in an aerosol. Although many pathogenic and non-pathogenic organisms are known to be less stable in aerosols than in aqueous suspensions, comparatively little is known of processes in aerosols which lead to death or loss of infectivity or in what way these processes resemble similar phenomena resulting from stresses such as starvation, drying, exposure to radiation or ageing. Escherichia coli was chosen as a convenient simulant of the pathogenic bacteria, but since this organism is not normally pathogenic only changes in viability could be studied. Changes in the viability of this model organism can be taken only as an indication of possible changes of infectivity of a pathogen since some pathogenic bacteria recovered from aerosols are viable in vitro yet not infective in vivo (e.g. evidence summarized by Goodlow & Leonard, 1961) .
Stresses which may act on bacteria responsible for the spread of natural infections include radiation, relative humidity, temperature and composition of the atmosphere, and physical forces involved in the generation and recovery of organisms from the aerosol. The viability of recovered aerosolized organisms may also be markedly influenced by the presence of extraneous material such as spent culture fluid or tissue exudates in fluids used in the generation and recovery of the aerosols. The present communication is primarily concerned with biochemical processes in an aerosol generated from a washed suspension of Escherichia coli strain B , maintained at controlled temperature and humidity in the dark in a suitable apparatus. Changes in the viability and certain biochemical properties of the bacterial populations recovered from aerosols were determined and related to changes in the relative 20 G. Microb. 45 contained: ' Oxoid' tryptone, 1.0 yo ; agar, 1-5 %; glucose, 1.0 % ; sodium chloride, 0.5 yo. An (Henderson, 1952) . Bacteria could be maintained in this fluid at room temperature for over 30 min. without any change in colony count.
Radiochemicals.
[U-14C]-~-Ghcose (399 mc/m-mole) was obtained from the Radiochemical Centre, Amersham, Buckinghamshire.
Measurement of radioactivity. The apparatus, methods and materials used for the determination of radioactivity by a ' coincidence counting ' technique employing a liquid scintillator were as described by Anderson & Smith (1965) . Aqueous samples were generally mixed with an equal volume of formamide and stored in solid carbon dioxide until assayed. Growth of organisms. For [14C]-tracer studies the tryptone medium (10 ml.) containing [U-14C]-~-glucose (about 60 ,ug./ml. ; 1-25 ,uC/ml.) was inoculated (to 5 x lo7 organismslml.) with a suspension of Escherichia coli then shaken (100 ml. flasks, 5 cm. throw, 100 oscillationslmin.) at 37' for 16 hr. The bacteria were stored for 5 hr at 4' before use and contained about 30% of the original added tracer. Non-labelled bacteria were grown in a similar manner but in the absence of Where appropriate, P-galactosidase formation was induced in this organism by overnight growth in the liquid tryptone medium supplemented with iso-propylthio-p-D-galactopyranoside (0.10 m-mole/ml. ; Rickenberg, Cohen, Buttin & Monod, 1956 ). This substrate induced higher galactosidase values than did its thio-methyl analogue or lactose itself.
When dead [14C]-labelled Escherichia coli was required as a tracer, a washed suspension of the organisms ( 1O1O bacteria/ml.) was shaken with [U-14C]-~-glucose (1.5 pC/ml. ; 70 pg./ml.) in Locke's solution a t 37" for 30-60 min. Following this
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Spores of Bacillus globigii produced after growth (4 days, 37") on peptone agar medium were washed off with water, heated (60"; 2 hr), stored (4", 7 days), reheated (60°, 2 hr), then washed again and resuspended in water ( 5 x 10" spores/ml.). The spore suspension was stored at 4' and renewed after 4 months; it was reheated (60°, 30 min.) immediately before use to kill any vegetative organisms.
Determination of survival values. Viability was defined as the ability of an organism to produce a visible colony in 18 hr at 37' on the tryptone agar medium. Nonsprayed organisms were given a nominal viability of 100 yo. Colony counts and radioactivity determinations were so arranged that the determined values of the viability estimates generally had a 95 yo confidence belt of & 10 yo.
Mixed suspensions of Escherichia coli and Bacillus globigii were assayed by differential colony counts on tryptone agar plates.
Total numbers of organisms recovered from aerosols were generally calculated from the observed radiotracer content of the recovered suspensions and from the radiotracer and colony count of non-aerosolized organisms.
[14C]-Labelled Escherichia coli was used to determine spore counts in studies with Bacillus globigii. B. globigii itself was used as a tracer of total bacterial numbers for comparative purposes only, in the few cases where the use of radiotracer was not possible.
Apparatus for the study of bacterial aerosols. Aerosols generated in a modified Collison atomizer were diluted with a stream of secondary air in a stainless steel mixing tube to give an atmosphere of the desired relative humidity (Henderson, 1952) . The relative humidity of the aerosol could be adjusted over a range of from 35 to looyo by alteration of the water content of the secondary air. The characteristics of the Collison spray are such that a suspension containing 2 to 4x109 organisms/ml. yields an essentially monodisperse aerosol. Such a system was chosen to eliminate possible protective, or damaging, interactions between organisms in multicellular particles. The apparatus was adjusted to give flow rates of from 25 to 60 l./min. and aerosol concentrations up to 2 x lo7 organismsfl.
Aerosols emerging from the mixing tube were passed into a rotating stainless steel drum (75 1.) for storage. The construction and operation of the apparatus was similar to that described by Goldberg, Watkins, Boerke & Chatigny (1958) . The relative humidity of the atmosphere was determined by means of suitable conversion tables (Hodgman, 1948) from the observed differences between readings of ' wet and dry bulb' thermometers placed in the air stream. The temperature of the room containing the appartus was generally between 19" and 22" and did not vary by more than 0.2" during experiments; the relative humidity of air leaving the apparatus seldom varied by more than & 2 yo.
Aerosol samples were generally collected for 45 sec. into phosphate buffer alginate (7-10 mI.) by using a sonic impinger with a throughput of 11 l./min. (raised Porton impinger; May & Harper, 1957) .
Preparation of suspensions for the generation of bacterial aerosols
The method used in the preparation of suspensions of organisms for aerosolization depended on whether spores (l), [14C]-labelled killed bacteria (2), or [W]-labelled living bacteria (3), were to be used as indicator of total bacterial numbers.
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J. D. ANDERSON 1. Bacillus globigii spores were heated, mixed with the labelled or unlabelled culture of Escherichia coli and the organisms separated from the culture fluids by centrifugation. The organisms were then washed once with water by centrifugation and resuspended in water (about 2 x 1 0 9 of each organism/ml.).
2. A mixture of equal numbers of organisms of a culture of Escherichia coli with [l4C]-labelled formalized bacteria as tracer were treated exactly as the spore tracer for preparation of spray suspensions.
3. Suspensions of living [l*C]-labelled organisms could, however, be aerosolized directly after washing with water as above. This tracer method was used wherever possible to indicate total numbers of recovered populations.
Appropriate enzyme, colony counts and radioactivity determinations were made on suspensions before and after spraying to ensure that no change had taken place in populations during generation of the aerosol.
Determination of the galactosidase content of pre-induced bacteria Samples of [W]-labelled induced organisms were collected and portions (2 ml. containing 1 to 2 x 107 organisms in phosphate buffer alginate) were treated with a solution of substrate (3 ml. of 2.5 mM-o-nitrophenol-P-D-galactopyranoside in 0.05 Msodium phosphate buffer, pH 7.2); benzene (0.1 ml.; Lederberg, 1950) and incubated a t 37" for 30 min. Sodium carbonate solution (1.0 M; 3 ml.) was then added and the mixture filtered (Whatman No. 1 paper) and the liberated o-nitrophenol determined colorirnetrically at 420 mp.
Samples of suspensions taken directly from the spray pot at the beginning and end of the experiment were diluted (l/SOO in phosphate buffer alginate) and assayed in a similar manner. The organism hydrolysed about 5pmole of o-nitrophenol-,8-D-galactoside/1010 bacterialmin.
Determination of the ability of stressed organisms to produce galactosidase Samples of bacterial suspensions recovered from aerosols (4-5 ml. containing about 5 x 107 organisms in phosphate buffer alginate) were added to an inducer (0.5 ml. of a 5 miw-solution of methyl-thio-P-D-galactopyranoside ; Lederberg, 1950) in tryptone medium, and gently rotated in a tube at 37" for 30 min. The presence of this small quantity of growth medium enhanced galactosidase production. Diluted suspensions (l/500 or l / l O O O in phosphate buffer alginate) of samples removed from the spray pot at the beginning and end of the experiment were treated similarly. The induced bacteria were then treated with substrate (0.5 ml. of a 15 mM-solution of o-nitrophenol-P-D-galactopyranoside in 0.05 M-sodium phosphate buffer, pH 7.2) and benzene (0.1 ml.). After incubation at 37" for 30 min. the o-nitrophenol content was determined as above.
RESULTS
Development of a radiotracer technique for estimating total
numbers of organisms in recovered aerosols Spores of Bacillus globigii have been used as a tracer for determining total numbers in bacterial aerosols despite doubts about the stability of this organism (Harper, Hood & Morton, 1958; Cox, 1966) . I n initial studies with this tracer Biochemical studies with aerosols of E . coli 307 apparent viabilities of up to 160% of those of unsprayed organisms were obtained when populations of Escherichia coli were recovered from recently generated aerosols. These high apparent viabilities might have been caused by division or disaggregation of E. coli or death of B. globigii. No change in numbers was detected in suspensions of B. globigii or E. coli remaining in the spray pot a t the end of experiments in which these organisms would have re-circulated 50 times through the jets of the spray. The use of [14C]-labelled E. coli was therefore introduced to investigate the suspected death of B. globigii in the aerosol and to provide a tracer for biochemical work where the presence of another organism would invalidate results. Before using [14C]-labelled Escherichia coli as a tracer for total bacterial numbers the possibility of damage by radioactivity had to be eliminated, since the organisms were grown and stored in the presence of radioisotope and might be particularly sensitive to radiation in the aerosol. Comparison of the viability of recovered aerosols of [14C]-labelled and non-labelled E. coli, using Bacillus globigii as a tracer, indicated that the radioisotope was not harmful ( Table 1) . This comparison was carried out under identical conditions with the same batch of spore tracer to minimize the effects of death of the spore. Similar results were obtained when [l4CC]-labelled E. coli was compared with the non-labelled bacteria using dead [14C]-labelled organisms as an external tracer ( Table 1 ). An external tracer was used to test the possibility that, if radiation damage only occurred in the aerosol, the spatial separation of radioisotope from the living organism and consequent diminished radiation flux might result in a measurable difference in viability. Measurement of the effect of relative humidity and holding time on aerosols of Escherichia coli Figure 1 shows the effect of a range of twenty-seven relative humidity values on the viability of aerosolized populations of Escherichia coli. To simplify the graphical Biochemical studies with aerosols of E. coli 309 representation, data have only been presented for bacterial clouds recovered at 1.2 sec., 5 min. and 30 min., although samples had also been taken at 10 and 20 min. These figures suggest that there were zones of relative humidity where the viability of the bacterial populations decreased rapidly. Figure 2 represents graphically 3 of the 27 log viability-time curves which illustrate the typical initial rapid decay of the organism, followed by a slower decay which was reasonably linear in the range 5-30 min. The dot diagram (Fig. 3) of these twenty-seven regression coefficients against relative humidity suggests that after the initial rapid decay the death rate is minimum at about 8 0 % and rises rapidly at higher humidities.
Measurement of the stability of cell protein following generation and recovery of aerosols of Escherchia coli Bacterial death in organisms recovered from aerosols might be due to damage to cell proteins. To test this P-galactosidase was chosen as a model protein, since a convenient sensitive assay method was available, and its enzymic activity could be used as a criterion of structural integrity. P-Galactosidase formation was induced in Escherichia coli by growth in a medium containing iso-propyl-thio-P-D-galactopyranoside. The general properties and death rate on aerosolization of the induced E. coli were similar to those of similar bacteria grown without an inducer. The specific activity of the P-galactosidase, in populations recovered from aerosols, was determined and expressed as a percentage of that in unsprayed organisms. Table 4 summarizes results obtained with bacterial clouds sampled at the longest time after generation (30 niin.) when damage to P-galactosidase would be expected to be greatest. Aerosolization had little effect on the specific P-galactosidase activity of * The nominal specific activity (enzymeltotal no. bacteria) of the /3-galactosidase of nonaerosolized organisms = 100 yo. The nominal viability of these organisms = 100 %. Relative humidity ( yo ) 
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galactosidase activity against holding time, amounting to only 5 yo over 30 min.
Although statistically significant this change is trivial and might be an artifact caused by the increased accessibility of the enzyme to the test substrate in the thoroughly dried bacteria. Combined results also gave a non-significant (P = 11 yo) regression in the plot of galactosidase activity against relative humidity.
Ability of Escherichia coli to synthesize protein following recovery from aerosols Damage to protein synthesizing mechanisms might be lethal in organisms recovered from aerosols. The importance of such damage could be assessed if a relationship could be established between the relative extent of changes of viability and changes in the ability of organisms recovered from aerosols to synthesize protein in response to a specific stimulus. P-Galactosidase was again chosen as a model protein and a p-galactosidase inducer as the stimulus. The ability of Escherichia coli to synthesize P-galactosidase immediately after recovery from aerosols decreased so rapidly with increasing aerosol age that the induced enzyme value proved too low to measure on organisms recovered from bacterial clouds more than 10 min. after generation. Fig. 4 iIlustrates the results of one typical experiment. Table 5 summarizes the results of 13 experiments and gives some evidence that induced galactosidase values decreased relatively faster than viability as the holding time in the aerosol increased. This decrease was obvious between 0 and 1.2 sec. and between 1.2 sec. and 2 min. Unfortunately the confidence belt of the 10min. data (0.14) was widened by an anomalous result for one of the thirteen observations where the induced galactosidase value was relatively greater than the viability. 
DISCUSSION
Total bacterial numbers in biological aerosols have been estimated by methods involving dyes (e.g. Dunklin & Puck, 1948; Henderson, 1952; Wolfe, 1961) , radiophosphorus (Harper & Morton, 1952; Harper et al. 1958) , radiosulphur (Miller, Scherff, Prepoli & Idoine, 1961) , spores (Harper et al. 1958 ) and photoelectric measurements (e.g. Fisher, Katz, Lieberman & Alexander, 1955; Ferry, Brown & Damon, 1958) . The [I4C]-tracer technique has the advantage over these methods that a stable and easily determined tracer was incorporated within the bacteria which were actually being studied, without appreciably altering either medium, growth condition or spray fluid. The instability of Bacillus globigii spores was unexpected since their resistance to other stresses, including storage in various Biochemical studies with aerosols of E. coli 313 organisms immediately after recovery from aerosols might indicate the site of the actual lethal process.
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